The widespread bacterial second messenger cyclic diguanylate (c-di-GMP) regulates a 1 variety of processes, including protein secretion, motility, cell development, and biofilm 2 formation. C-di-GMP-dependent responses are often mediated by its binding to the 3 cytoplasmic receptors that contain the PilZ domain. We present here comparative 4 structural and sequence analysis of various PilZ-related domains and describe three 5 principal types of them: (i) the canonical PilZ domain, whose structure includes a six-6 stranded beta-barrel and a C-terminal alpha-helix; (ii) an atypical PilZ domain that 7 contains two extra alpha-helices and forms stable tetramers, and (iii) divergent PilZ-8 related domains, which include the eponymous PilZ protein and PilZN (YcgR_N) and 9 PilZNR (YcgR_2) domains. We refine the second c-di-GMP binding motif of PilZ as 10 [D/N]hSxxG and show that the hydrophobic residue h of this motif interacts with a cluster 11 of conserved hydrophobic residues, helping maintain the PilZ domain fold. We describe 12 several novel PilZN-type domains that are fused to the canonical PilZ domains in specific 13 taxa, such as spirochetes, actinobacteria, cellulosolytic clostridia, deltaproteobacteria, 14 and aquificae. We propose that the evolution of three major groups of PilZ domains 15 included (i) fusion of pilZ with other genes, which produced Alg44, cellulose synthase, and 16 other multidomain proteins; (ii) insertion of a ~200-bp fragment, which resulted in the 17 formation of tetramer-forming PilZ proteins, and (iii) tandem duplication of pilZ genes, 18 which led to the formation of PilZ dimers and YcgR-like proteins. 19 IMPORTANCE 20
INTRODUCTION
Cyclic bis(3'→5') dimeric guanosine monophosphate (c-di-GMP) is a widespread 32 bacterial second messenger that regulates a variety of processes, including DNA repair, 33 transcription, mRNA decay, motility, protein and polysaccharide secretion, cell 34 development, and biofilm formation (1) (2) (3) (4) . Cyclic di-GMP has a well-documented 35 contribution to virulence of such important human pathogens as Vibrio cholerae, 36 Pseudomonas aeruginosa, Salmonella enterica, Borrelia (Borreliella) burgdorferi, and 37 Yersinia pestis and plant pathogens such as Xanthomonas campestris and X. citri (1, 3, 5-38 7) . Cellular responses to c-di-GMP-dependent signaling are mediated by specific 39 receptors, which include two types of riboswitches and a wide variety of c-di-GMP- 40 binding proteins. The structures and ligand-binding properties of experimentally 41 characterized c-di-GMP receptor proteins have been the subject of several reviews (8-10). 42 In the past several years, novel c-di-GMP-binding proteins have been discovered, with 43 some being widespread in bacteria, such as MshEN (11, 12) , and some showing relatively 44 narrow phylogenetic distribution (13, 14) . There are reasons to believe that the current 45 list is still incomplete (9). 46 The ~110-aa PilZ domain (PF07238 entry in the Pfam database, ref. 15), was the first 47 c-di-GMP receptor to be identified (16), owing to its presence at the C-terminus of the 48 cellulose synthase catalytic subunit BcsA from Acetobacter xylinum (current name, 49 Komagataeibacter xylinus), the protein whose studies led to the original discovery of the 50 c-di-GMP (17, 18) . That work also described a number of other PilZ-containing domain 51 architectures, including PilZ dimers, fusions of PilZ with the N-terminal PilZN (referred to 52 as YcgR domain, PF07317, in Pfam) and PilZNR (YcgR_2, PF12945, in Pfam) domains, a 53 fusion with HlyD family secretion protein in the alginate biosynthesis protein Alg44, as 54 well as fusions of PilZ with REC, GGDEF, EAL, HD-GYP, chemoreceptor (MCPsignal), and 55 CheC signaling domains (16) . 56 Subsequent studies of various PilZ-containing proteins confirmed the ability of this 57 domain to bind c-di-GMP and control a variety of c-di-GMP-regulated functions (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . 58 It has become clear that different PilZ-containing proteins bind c-di-GMP with a wide 59 range of affinities, which contributes to the diversity of c-di-GMP signaling mechanisms 60 (29) . Curiously, the eponymous PilZ protein of P. aeruginosa (genomic locus tag PA2960) 61 does not bind c-di-GMP (21, 30) . Instead, it appears to regulate formation of type IV pili 62 through protein-protein interactions. In Xanthomonas spp., PilZ protein interacts with 63 4 FimX (31, 32), while in P. aeruginosa, FimX does not do so and the PilZ-interacting partner 64 remains to be characterized (33) . 65 Over the years, structures of several PilZ domains and PilZ-containing proteins have 66 been solved (22, 24, 25, (34) (35) (36) (37) (38) (39) (40) 78 The typical PilZ domain core consists of six β-strands followed by a single long α-helix.
RESULTS

77
Structural conservation of canonical PilZ domains
79
These β-strands are arranged in two antiparallel β-sheets that form a β-barrel. In the past 80 12 years, more than 30 structures of various PilZ domains have been solved and deposited 81 in the Protein DataBank (PDB), see Table S1 . These include high-resolution crystal 82 structures of the stand-alone PilZ domains, as well as PilZ domains from the bacterial 83 cellulose synthase (BcsA and AcsAB), alginate production protein Alg44, flagellar brake 84 proteins YcgR, VCA0042, and MotI, and the transcriptional regulator MrkH (22, 25-27, 34, 85 35, 38, 39, 41-43) . As noted in the respective reports, most of these domains are very 86 similar in sequence and structure. Indeed, comparison of representative PilZ structures 87 using the Dali server (44) revealed that, despite their relatively low sequence identity (≤ 88 20%), these domains readily align over their entire lengths, with root mean standard 89 deviation (RMSD) of the Cα traces within 3.2 Å ( Table 1) . Comparison of the same 90 structures using the VAST tool, which computes an alignment of secondary structure 91 elements, α-helices and β-strands (45), brought similar results, with slightly shorter 92 aligned regions but a bit higher sequence identity and even lower RMSD values (≤ 2.5 Å, 93 see (24, 26, 40) is shown in Fig. 1 , while pairwise superpositions of the domains listed in Table   98 1 are shown in Fig. S1 . Structure-guided sequence alignment of these domains is 99 presented in Fig. S2 and, in an abbreviated form, in Fig. 2 . These comparisons 100 demonstrate that, despite some differences in the lengths of β-strands and occasional 101 split of a long β-strand into two, PilZ domains of the BcsA/AcsAB, YcgR, PlzD, MrkH, and 102 Alg44 proteins adopt essentially the same core structure as stand-alone PilZ domains. 103 Accordingly, they can all be considered "canonical" PilZ domains. 104 Another variation on the theme is the PilZ-PilZ domain architecture that represents 105 tandem duplication of the canonical PilZ domain. In these proteins, exemplified by the 106 previously described (16) ). Yet, the roles 124 of these hydrophobic residues have not been investigated. Now, using structure-based 125 sequence alignment of these domains, we were able to confirm strict conservation of 126 these and several other hydrophobic residues ( Fig. 2A) . Therefore, the second c-di-GMP- As shown in Fig. 3 , the [I/L/V] hydrophobic residue, while located within the c-di-GMP-131 binding motif, does not interact with c-di-GMP. Instead, its side chain is oriented towards 132 the other side of the β-strand and is located within a hydrophobic pocket formed by at 133 least 7 other hydrophobic residues. Sequence alignment ( Fig. 2A) shows that the 134 positions of these residues were well conserved among various PilZ domains, although 135 the residues themselves varied. The most conserved of them was the previously noted 136 Phe residue (replaced by Cys-87 in P. aeruginosa MapZ), located near the end of the last 137 β-strand of PilZ ( Fig. 2A ). Comparison of the PilZ structures showed that this Phe residue 138 directly interacts with h residue of the [D/N]hSxxG motif (Val-36 in P. aeruginosa MapZ) 139 and apparently limits the mobility of the Gly residue of this motif. Another pocket-140 forming hydrophobic residue is located immediately after the Gly of the [D/N]hSxxG motif 141 ( Fig. 2) . However, at that position, aliphatic residues (Ile, Leu, Val, Ala) were found along 142 with Met and Cys (Fig. 2) , which is why we refrained from including this second h into the 143 definition of the c-di-GMP binding motif as [D/N]hSxxGh. 144 As seen in Fig. 2 , two more residues that form the hydrophobic pocket are located 145 after the RxxxR motif in the RxxxRhxh pattern. However, these two positions can be 146 occupied by various uncharged (or even charged) residues, so we have chosen to leave 147 the RxxxR motif as it is.
148
Tetramer-forming PilZ domains 149 The Xcc0612 protein from X. campestris (GenBank accession ALE68703, PDB: 3RQA) 150 contains an "atypical" PilZ domain (PilZ_2, Pfam domain PF16823, referred to hereafter 151 as tPilZ) that displays essentially the same structure as canonical PilZ (RSMD = 2.2 -2.9 Å), 152 with the exception of a short α-helix at the N-terminus and an ~60-aa insert that forms 153 two additional α-helices, α2 and α3 (46), see Fig. 4A . In the Xcc6012 structure, α3 helices 154 from four PilZ protomers interact with each other via strong hydrophobic hepta-repeats, 155 leading to the formation of a very stable tetramer, which is strengthened further by 156 intermolecular bridges between Lys-77 in the middle of the 75 DAKLD 79 motif with Asp-75 157 and Asp-79 of the adjacent monomer (46). Previously, tPilZ domains were thought to be 158 limited to xanthomonads. We have now detected the respective genes in the genomes 159 of a wide variety of gamma-proteobacteria, as well as in certain members of other 160 subdivisions of Proteobacteria and of the phyla Nitrospirae, Nitrospinae/Tectomicrobia, 161 Deferribacteres, and Thermodesulfobacteria (Fig. S3 , Table S3 ), with more than 3,000 162 proteins in the current protein databases. All these proteins have similarly-sized inserts 163 that form two predicted α-helices but display certain variation of the domain-interlocking 164 motif, which was generalized to [DENH] RxxxR and [D/N]hSxxG motifs and is unable to bind c-di-GMP (46). By contrast, tPilZ 167 domains from many other bacteria have these motifs intact, suggesting that they could 168 still bind c-di-GMP. Indeed, P. aeruginosa protein PA2989 (which has a typical RxxxR motif 169 but the [D/N] residue of the second motif is replaced by Ser, Fig. S3 ), has been 170 experimentally shown to bind c-di-GMP (47, 48) . In contrast, in PA2989 homologs from 171 some other Pseudomonas species, these motifs are disrupted ( Fig. S3 ), indicating the 172 likely loss of c-di-GMP-binding within a single bacterial genus. Intact motifs are also 173 present in the tPilZ protein Lpg1926 from the important pathogen Legionella 174 pneumophila ( Fig. S3 ), suggesting that it, too, has retained the ability to bind c-di-GMP. 175 Even when the [D/N]hSxxG motif is not conserved, tPilZ domains retain a hydrophobic 176 residue (typically I/L/V but occasionally W or F) in the position of h and the constellation 177 of hydrophobic residues to form a pocket around it ( Fig. 2 and S3 ). One of these residues 178 immediately precedes the (former) [D/N]hSxxG motif, whereas in canonical PilZ domains 179 it is separated from this motif by an additional residue (cf. Fig. S2 and S3 ). tPilZ domains 180 also retain the same amphipathic C-terminal α-helix that provides two hydrophobic 181 residues to this pocket. This α-helix typically contains a patch of Arg, Lys, and His residues 182 and carries a strong positive charge ( Fig. S3 ). 183 In contrast to the canonical PilZ, tPilZ domains are almost never seen forming fusions 184 to other domains. Besides, these domains always appear to be encoded in a single copy 185 per genome, irrespective of the total number of other PilZ domain proteins encoded in 186 that genome (Table S3 ). The reasons for this behavior remain to be investigated. 187 Divergent PilZ-related domains 188 While the canonical and tetramer-forming PilZ domains share the same core structure 189 of a six-stranded β-barrel followed by an α-helix, members of the third group, referred to 190 here as "divergent" PilZ-related domains, exhibit various deviations from that pattern. 191 One of such deviations is seen in the stand-alone PilZ domain from two nearly 192 identical proteins, Xc1028 from X. campestris and Xac1133 from X. citri (34, 35) . These 193 proteins lack the c-di-GMP-binding motifs and participate in the regulation of type IV pili 194 formation through their interaction with the EAL domain of the FimX protein and the pilus 195 motor protein PilB (31, 32, 34) . The loss of the N-terminal loop with its RxxxR motif is 196 accompanied by the inversion of the direction of the N-terminal β-strand and conversion 197 of the second β-strand into an α-helix (34, 35) . Accordingly, the five remaining β-strands 198 do not form a complete barrel and the alignment of this structure against canonical PilZ 199 is much shorter (72 aa residues) with an RMSD of 2.9 Å (Table 1, Aquificae and Thermotogae, strongly suggests that this form of PilZ is the ancestral one, 296 which is another reason why we refer to it as the "canonical" version. Structural 297 comparisons show the presence of essentially the same canonical variant of PilZ in BcsA, 298 YcgR, MotI, and MrkH proteins, where PilZ is the C-terminal domain and also in Alg44, 299 where PilZ is at the N-terminus (Fig. 1A,B 22) and (10)). Although PilZ domains in those proteins have not been 308 structurally characterized, the high degree of sequence conservation suggests that they 309 all retain the same PilZ structure, further expanding the list of canonical PilZ domains. 310 Except for the two-helical insert, tPilZ, the "atypical" tetramer-forming version of the 311 PilZ domain, is very similar to the canonical version ( Fig. 2 and 4A) . The tPilZ domain is 312 found, in addition to the Proteobacteria, in members of several other phyla ( Fig. S3 and 313 Table S3 ). Because of the loss of c-di-GMP-binding motifs, members of the tPilZ family 314 have often been overlooked. Thus, a comprehensive study of c-di-GMP regulation in 315 L. pneumophila (58) did not even list the Lpg1926 protein as PilZ, even though this protein 316 retains the c-di-GMP-binding motifs (Fig. S3 ). On the other hand, tPilZ domains of V. 317 cholerae protein PlzB (VC1885) and P. aeruginosa PA2989 were just assumed to be the 318 canonical PilZ domains (23, 47). 319 The tPilZ domain could have evolved fairly early in the bacterial evolution through an 320 insertion into the canonical pilZ gene of a ~200-bp fragment encoding helices α2 and α3.
321
However, outside of gamma-and delta-subdivisions of Proteobacteria and the phylum 322 Nitrospirae, tPilZ domain is found in a relatively small number of organisms with a patchy 323 phylogenetic distribution (Table S3 ). Thus, this version of PilZ likely spreads by horizontal 324 gene transfer, which implies that it carries out some beneficial function(s). As is the case 325 with canonical PilZ, certain members of the tetrameric PilZ family retain intact c-di-GMP-326 binding motifs, whereas others have totally lost them (Fig. S3 ) and appear to participate role of these residues has long remained overlooked. However, strict conservation of 357 these residues in all canonical PilZ and tPilZ domains (Fig. 2) , as well as limited 358 conservation in xPilZ domains ( Fig. S2 and data not shown) , are hardly accidental. These 359 residues appear to play several important roles in maintaining the structure and activity 360 of various PilZ-related domains. First, by forming a hydrophobic core in the middle of the 361 protein, these residues could play a key role in the folding of the PilZ domain. Given that 362 these residues come from five different β-strands (Fig. 2) , this hydrophobic core appears YcgR it is likely the distance between the two PilZ domains in a dimer (22, 25, 47) ]. 376 However, verification of this proposed mechanism would require a detailed analysis of 377 the subtle changes in high-resolution structures of PilZ with and without bound c-di-GMP.
378
Pathways of PilZ evolution 379 The widespread distribution of the canonical c-di-GMP-binding form of PilZ and its 380 conservation in a variety of domain contexts suggests the stand-alone form of PilZ was 381 the ancestral version of this domain. From that, one of the pathways of PilZ evolution 382 likely involved the insertion of a two-helical fragment that led to the formation of the 383 tetramer-forming tPilZ domains (Fig. 5) . For some reason, tetramer formation precluded 384 domain fusions, such that tPilZ domains are almost always found in a stand-alone form. 385 C-di-GMP binding motifs are seen in tPilZ proteins from several diverse phyla (Fig. S3 , 386 Table S3 ), indicating that the c-di-GMP binding form was the ancestral one. However, the 387 loss of the c-di GMP binding motifs is a constant feature in the tPilZ family and can be 388 traced even within a single genus, Pseudomonas (Fig. S3 ). Table 2 . All these domains have lost the c-di-GMP binding motifs, relegating c-400 di-GMP binding to the inter-domain linker at the beginning of the second (canonical) PilZ 401 domain. The proposed pathways of PilZ evolution are schematically depicted in Fig. 5 . 402 We hope that this scheme will clarify the relationship between known PilZ, tPilZ, and xPilZ 403 domains and will serve as a guide to discovering and characterizing new members of the 404 PilZ superfamily. (Table S1 ) were extracted from the PDB and MMDB databases and compared 408 using Dali, VAST and PDBeFold tools (44, 45, 61, 62) . The lengths of aligned Cα traces, 409 sequence identity in the aligned segments and their root mean standard deviation (RMSD) 410 values were as reported by the Dali (Table 1) and VAST (Table S2) The structure of the P. aeruginosa MapZ (PDB: 5XLY_B) is in light grey; the c-di-GMP dimer is in wheat color, and the c-di-GMP-binding Arg9 and Arg13, Asp35 and Ser37 residues are shown in stick representation with C atoms, respectively, in green and blue. The h residue of the [D/N]hSxxG motif, Val36, is dark red. The Ile14, Phe16, Leu33, Ile41, Leu61, Leu63, Cys87, Leu98, and Leu101 residues (highlighted in Fig. 2) , are in orange and shown in stick (A) or filled space (B) representation. Table S1 . PilZ-related domains with known 3D structure Table S2 . Structural similarity of canonical, tetrameric, and certain divergent PilZ domains Table S3 . Phylogenetic distribution of tetramer-forming PilZ domains Figure S1 . Structural superpositions of P. aeruginosa MapZ with canonical PilZ domains. Figure S2 . Structure-based sequence alignment of canonical PilZ domains Figure S3 . Sequence alignment of tetramer-forming PilZ domains Figure S4 . Sequence alignments of the newly identified xPilZ domains.
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